The mouse homeobox-genes Msx-l and Msx-2 are expressed in several areas of the developing embryo, including the neural tube, neural crest, facial processes and limb buds. Here we report the characterisation of a third mouse Msx gene, which we designate The embryonic expression of Msx-3 was found to differ from that of Msx-l and -2 in that it was confined to the dorsal neural tube. In embryos with 5-8 somites a segmental pattern of expression was observed in the hindbrain, with rhombomeres 3 and 5 lacking while other rhombomeres expressed Msx-3. This pattern was transient, however, such that in embryos with 18 or more somites expression was continuous throughout the dorsal hindbrain and anterior dorsal spinal cord. Differentiation of dorsal cell types in the neural tube can be induced by addition of members of the Tgf-{:J family. Additionally, Msx-l and -2 have been shown to be activated by addition of the Tgf-{:J family member Bmp-4. To determine if Bmp-4 could activate Msx-3, we incubated embryonic hindbrain explants with exogenous Bmp-4. The dorsal expression of Msx-3 was seen to expand into more ventral regions of the neurectoderm in Bmp-4-treated cultures, implying that Bmp-4 may be able to mimic an in vivo signal that induces 
Introduction
Homeobox-containing genes play an important role in the control of development. These genes share the homeobox, a conserved DNA sequence encoding a 60 amino acid protein domain known as the homeodomain, which binds DNA in a sequence-specific manner (Scott, 1989) . Genes containing a homeobox can be sub-grouped into multigene families on the basis of the conservation within the homeodomain sequence (Burglin, 1994) . One gene family distinct from other homeobox genes is the Msx family of genes, so named because the members contain homeodomains similar to the Drosophila msh gene (Scott, 1992) . The Msx gene family is evolutionarily ancient, with members identified in sponges (Seimiya et aI., 1994) , hydra (Schummer et aI., 1992) , Drosophila (Holland, 1991) , ascidians (Holland, 1991) , sea urchin (Bell et aI., 1993) and vertebrates (Hill et aI., 1989; Robert et aI., 1989; Holland, 1991) .
In birds and mammals, two members of this family, Msx-l and Msx-2, have been characterised (Hill et aI., 1989; Robert et aI., 1989; Takahashi et aI., 1990; Monaghan et aI., 1991; Yokouchi et aI., 1991) . The expression of these genes has been extensively analysed in both mouse and chick embryos, where they have been shown to have similar but distinct patterns of expression. In the mouse, expression is first detected in the dorsal neural tube and in migrating neural crest cells (Hill et aI., 1989; Robert et aI., 1989) . Subsequently, expression is seen in a number of distinct areas of the embryo, including the limb buds, the branchial arches, the facial processes and, later in development, the developing teeth and hair follicles (Hill et aI., 1989; Robert et aI., 1989 , Mackenzie et aI., 1991 .
The regulation of Msx genes has been studied in at least three distinct systems, the limb bud, the tooth germ and the developing hindbrain, and in all three situations it seems that the normal expression of Msx-1 and Msx-2 is dependent upon normal tissue interactions (Robert et aI., 1991; Graham et aI., 1993; Jowett et aI., 1993) . The precise nature of these tissue interactions is not certain, but there is growing evidence that members of the Tgf-{3 family of growth factors, in particular members of the group of bone morphogenetic proteins (Bmps) may be involved. Bmp-4 is expressed in the developing limb bud, in the presumptive dental epithelium, in the rhombomeres of the hindbrain and in the dorsal neural tube and its adjacent ectoderm. Furthermore, application of exogenous Bmp-4 results in the expression of Msx-1 and Msx-2 in the dental mesenchyme, the upregulation of Msx-2 by isolated rhombomeres 3 and 5, and in the induction of Msx proteins of undefined type in neural plate explants (Vanio et aI., 1993; Graham et aI., 1994; Liem et aI., 1995) . Similarly, in experiments examining the osteogenic effects of Bmps, an early effect of applying Bmps appears to be the induction of Msx genes in the surrounding tissue (Iimura et aI., 1994) . Thus, there is a clear association between expression of Msx genes and the expression of Bmp-4 and some evidence to suggest that Bmps might be directly involved in the regulation of Msx-1 and Msx-2.
Msx-1 and Msx-2 appear to play an important role in craniofacial development. In humans a mutation in the MSX-2 gene appears to cause a particular form of inherited craniosynostosis (Jabs et aI., 1993) . In mice, the Msx-1 gene has been disrupted with the effect that the resulting mice show a variety of craniofacial and tooth development abnormalities (Satokata and Maas, 1994) . The exact way in which alterations in the function or absence of these genes results in developmental abnormalities is not certain. There is some evidence that Msx-1 normally acts to keep cells in an undifferentiated state, possibly through repression of cell-type specific genes (Song et aI., 1992; Catron et aI., 1995) In a PCR survey of genes of the Msx family, Holland (1991) isolated the homeobox of a third Msx gene (msh3) from the mouse genome. We have used this homeobox sequence to isolate a sequence outside the homeobox of this third mouse Msx gene, which we designate Msx-3. We have examined its embryonic pattern of expression and find that Msx-3 has a far more restricted pattern of expression than Msx-1 or Msx-2, being expressed exclusively in the dorsal neural tube with a temporary segmental pattern in the hindbrain. Some neural crest cells also appear to transiently express Msx-3 early in their migration. The pattern of Msx-3 expression correlates with the antero-posterior sequence of neuronal maturation. Moreover, we show that application of exogenous Bmp-4 induces ectopic Msx-3 expression, suggesting that, in common with its family members, Msx-3 expression may be regulated with members of the Tgf-{3 family.
Results

Cloning and characterisation of Msx-3
The presence of a third Msx gene in the mouse genome was first reported by Holland (1991) in a PCR survey of the msh gene family. Since only the homeobox was characterised in this survey, we elected to use RACE PCR to isolate the remainder of the gene. RACE PCR of ElO.5 p(A)+ mouse RNA yielded a product of 400 bp which hybridised to the Msx-2 homeobox at low stringency. This was cloned, sequenced and found to contain a homeobox identical to that previously described for mouse msh3 (Holland, 1991) .
Although cloned from cDNA, the clone we obtained appears to be from an unspliced mRNA, since there are several in frame stop codons 5' of the homeobox and we have not identified a suitable start codon in our clone (Fig. 1) . We obtained independent genomic clones to confirm that the stop codons were not a cloning artefact. Msx-1 and Msx-2 are coded for by two exons; the junction between the first and second exons is 14 amino acids 5' of the homeobox (Monaghan et aI., 1991) . We believe that the same structure may be conserved in Msx-3. The amino acid homology between Msx-3 and Msx-112 breaks down at around the putative splice site; furthermore, the sequence contains a splice site consensus at exactly 14 amino acids 5' of the homeobox. Thus, we conclude that we have cloned the entire second ex on of Msx-3 and that the putative stop codons 5' of the homeobox lie within the intron. Unfortunately we have been unable to identify the first ex on from our genomic clones; it is possible that the intron between first and second exons may be up to 20 kb long as it is for the human MSX-2 gene (Jabs et aI., 1993) . Expression of Msx-3 was initially examined in embryos from E7.5 onwards using wholemount in situ hybridisation to riboprobes derived from the 400 bp RACE PCR product and from a 3.2 kb genomic fragment which contained the entire Msx-3 second exon, plus about 1.5 kb of intron sequence. Both these probes detected identical patterns of expression; however since the 3.2 kb probe proved to be considerably more sensitive, this was used in all subsequent experiments.
Expression of
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As embryogenesis proceeded, the expression extended from rostral to caudal regions of the neural tube. Thus, in the 10-somite embryo expression had spread along the spinal cord and could now be detected in r3 (Fig.  2B ). In embryos with more than 18 somites, expression was uniform throughout the hindbrain and anterior spinal cord (Fig. 2C) . At all stages the expression of Msx-3 remains confined to the hindbrain and spinal cord, with no expression detected anterior of the hindbrain.
We confirmed that expression of Msx-3 is confined to the dorsal aspect of the neural plate and neural tube (Fig.  3A,B) by sectioning the wholemount specimens. No expression could be seen in neural crest cells (Fig. 3C) , nor in any other tissue.
Expression of Msx-3 from E9.5 to E11.5
At E9.5, Msx-3 was expressed at high levels throughout the dorsal hindbrain and spinal cord, with a sharp anterior limit maintained at the isthmus, which forms the boundary between the rhombencephalon and mesencephalon (Fig. 4A ). Serial sections of E9.5 embryos confirmed that expression remains confined to the dorsal neural tube (data not shown). However, the dorso-ventral boundary of expression varied along the axis. In the most posterior regions expression is most dorsally restricted. The domain becomes larger in more anterior regions, such that within the hindbrain it occupies up to the dorsal third of the neural tube. In the most posterior regions of the spinal cord adjacent to the domain of expression in the neural tube a few isolated Msx-3-positive cells were consistently seen in the mesenchyme (Fig. 4D) . It is possible that these isolated cells represent a transient expression by migrating neural crest cells, since no expression could be seen in older embryos. Generally the roof plate of the neural tube does not express Msx-3, but some expression is seen in the roof plate of the anterior hindbrain (data not shown).
The pattern of expression was essentially maintained between E9.5 and ElO.5 with only a few differences. At ElO.5 a decrease in the intensity of expression was noted in rhombomeres 3 and 4 (Fig. 4B ). Serial sections of ElO.5 embryos showed that expression in this region had become concentrated in cell bodies at the ventricular side of the hindbrain (Fig. SE) . Elsewhere the expression remained confined to the dorsal neural tube, but still excluded the roof plate (Fig. S) . At E1l.S expression was absent from r3, r4 or rS (Fig. 4C) , but still present in rl, r2, and caudally of r6. The remaining areas of expression become more dorsally restricted than at ElO.S (Fig. 4,  compare B and C) . No Msx-3 expression could be detected at E12.S or E13.5 using wholemount in situ hybridisation. Since, in parallel experiments, Msx-1 and Msx-2 transcripts were detected in embryos of the same stage, we conclude this represents a downregulation of Msx-3 rather than a failure of the technique.
Bmp-4 can induce expression of Msx-3 in intermediate neurectoderm
Since Bmp-4 has been shown to be capable of inducing expression of Msx-2 in the chick hindbrain and mouse first branchial arch and of undefined Msx proteins in chick neural plate explants (Vanio et aI., 1993; Graham et aI., 1994; Liem at aI., 1995) , we decided to investigate the effect of ectopic application of Bmp-4 on the expression of Msx-3. Analysis of E8.5 mouse hindbrain explants cultured for S h showed that the pattern of expression of Msx-3 developed similar to that of embryos developing in vivo (data not shown). Hindbrain explants were cultured in the presence of supernatant derived from a cell line infected with Bmp-4-expressing retrovirus and the contralateral explant cultured in the presence of supernatant derived from a cell line infected with control retrovirus containing in the antisense orientation. Explants cultured in the presence of 1, lO or 20% control supernatant and explants cultured in the presence of 1 % Bmp-4 supernatant developed patterns of expression identical to those cultured in chemically defined medium (data not shown). Of explants cultured in the presence of lO or 20% Bmp-4 supernatant, 7S% (n = 8) showed a ventral expansion of Msx-3 expression into the intermediate neural plate when compared to control explants (Fig. 6) . The remaining 2S% showed no difference in expression when compared to controls. Expansion of expression only occurred in those rhombomeres which in vivo were already expressing Msx-3, with no ectopic or premature expression observed in r3 or rS.
To determine if this effect was specific to Bmp-4 or if it could be mimicked by other Tgf-{3 family members, explants were cultured in the presence of control supernatant while the contralateral explant was cultured in control supernatant containing 20 Vlml of recombinant activin A (eight explant pairs) or an equivalent amount of recombinant Tgf-{32 (three explant pairs). This concentration of activin has been shown to dorsalise Xenopus animal caps (Howard and Smith, 1993) and to be sufficient to modify the expression of other genes in chick spinal cord explants (Pituello et aI., 1995) . Neither of these Tgf-{3 family members were seen to alter the pattern of expression when compared to the contralateral explant (data not shown).
Discussion
Msx-3 is a novel murine homeobox gene
We have used RACE PCR to isolate a clone containing a homeobox identical to that described for mouse msh3 (Holland, 1991) , which encompasses the whole of the second exon.
Expression of Msx-3 during development is confined to neurectoderm
Expression of Msx-3 was first detected in the lateral extremes of the anterior neural plate (an area which will form the dorsal neural tube after neural tube closure) of five somite embryos. Subsequently, expression extended along the dorsal neural tube from anterior to posterior. The exceptions to this progression were rhombomeres 3 and S, where activation of Msx-3 was delayed with respect to adjacent neurectoderm. It is known that r3 and rS are distinct from the other rhombomeres. They produce few neural crest cells (Lumsden et aI., 1991; Graham et aI., 1993) and are retarded in their production of motor neurones (Lumsden and Keynes, 1989) relative to their neighbours. In chick embryos, the depletion of neural crest from r3 and rS has been shown to be correlated with Bmp-4 and Msx-2 expression (Graham et aI., 1993 (Graham et aI., , 1994 . Extending these observations to the mouse raises the possibility of opposing functions for and Msx-2 in the neurectoderm, with Msx-3 expressed in neural crest-producing areas and Msx-2 in neural crest-depleted areas. An alternative possibility, however, is that the expression of Msx-3 is not directly related to the production of neural crest, but that the two are controlled by the same signalling system. In early somite embryos, expression of Msx-3 was restricted to the dorsal extreme of the neural tube. As development proceeded the pattern changed in two ways. Firstly, expression was detected in successively more posterior areas of the neural tube. Secondly, expression in the anterior expanded into more ventral regions of the neural tube, although remaining confined to approximately the dorsal third. Thus, by E9.S intense expression was detected throughout the dorsal third of the hindbrain and anterior spinal cord. In the posterior spinal cord expression was more restricted to the dorsal aspect and in some sections taken at this axial level occasional discrete cells expressing were visible exterior to the dorsal neural tube. These were in the right position to be migrating neural crest cells; however, we do not know if they represent a specific different times. No Msx-3-positive migrating cells were observed in anterior regions of E9.5 embryos or in less developed embryos, suggesting that Msx-3 expression may be specific to posterior neural crest.
Between E9.5 and EI1.5 the basic pattern of expression remained unchanged. A precise anterior boundary was maintained at the isthmus, and no expression was detected anterior of this point. At ElO.5 expression was Fig. 4 . Expression of Msx-3 between E9.S and Ell.S. Anterior is to the right. (A) Dorsal view of an E9.S embryo. Expression is restricted to the dorsal hindbrain and spinal cord, with a distinct boundary maintained at the isthmus (arrow), which marks the junction between hindbrain and mesencephalon. (B) Dorsal view of an ElO.S embryo. Expression is essentially similar to that at E9.S, but is intensified and extended in the caudal spinal cord. In the anterior, expression in r3 and r4 is decreased compared to adjacent rhombomeres. Boundaries between r2 and r3 and between r4 and rS are indicated. Stain in the otic vesicle (ov) is due to non-specific trapping of antibody in the vesicle lumen. (C) Dorsal view of an ElI.S embryo. Expression in the anterior spinal cord and hindbrain has become more dorsally restricted and is absent in r3, r4 and rS. Boundaries between r2lr3 and rS/r6 are indicated. (D) Transverse section through the posterior of an E9.S embryo stained for Msx-3 by wholemount in situ hybridisation. This section, taken at l21lm on a cryostat, shows several cells adjacent to the dorsal neural tube which are expressing Msx-3 (arrows). seen to be altered in r3 and r4. Sections through these rhombomeres showed that the ventral limit of expression remained the same, but that expression had become concentrated at the ventricular zone. The domain of expression in the ventricular zone appears to coincide with the region where dorsal commissural neurones originate, although the exact nature of the cells expressing Msx-3 remains unknown. It is also unclear whether the dorsal commissural neurones of r3 and r4 differ from those elsewhere in the neural tube.
An obvious concern when studying the expression of members of multigene families is the potential for cross-hybridisation of probes to other family members. Since our Msx-3 probe contained a homeobox, it is possible that cross-hybridisation to Msx-1 and -2 may have occurred. However, the lack of signal in areas of the embryo known to express high levels of Msx-1 and -2 argues against this.
Msx-3 is activated by Bmp-4 in intermediate neurectoderm
Dorsoventral pattern formation in the vertebrate neural tube appears to be controlled by two signals with different origins. The first of these originates from the notochord and floor plate along the ventral midline and induces ventral motor neurones in the ventral neural tube (van Straaten et ai., 1988; Yamada et ai., 1991) . Recent experiments suggest that the product of the sonic hedgehog gene is an important part of the ventral signal (Echelard et ai., 1993; Krauss et ai., 1993; Roelink et ai., 1994) . The second signal emanates from the dorsal neural tube and/or adjacent ectoderm and both inhibits the development of ventral cell types and promotes the development of dorsal cell types such as neural crest (Basler et ai., 1993) . In the chick embryo, there is strong evidence suggesting that Bmp-4 and Bmp-7 may mediate this signal (Liem et ai., 1995) .
The expression of Msx-3 in dorsal neurectoderm of early mouse embryos makes it a candidate target for dorsal signalling molecules. We investigated the effect of Tgf-fJ family members on the expression of Msx-3 by application of factors to explant cultures of mouse neural tube. We tested three members of the Tgf-fJ family, Bmp-4 which has been shown to up-regulate both Msx-1 and Msx-2 in different developmental systems (Vanio et ai., 1993; Graham et ai., 1994) , activin and Tgf-fJ2. We have shown that addition of Bmp-4 to explant cultures results in the expansion of Msx-3 expression into more ventral regions of rhombomeres already expressing Msx-3. Activin, at a concentration known to dorsalise Xenopus animal caps (Howard and Smith, 1993), or Tgf-fJ2 at the same concentration, did not reproduce this result, implying that all members of the Tgf-fJ family were not equivalent in this assay. Since we could not quantify the concentration of Bmp-4 in the supernatant, it is possible that we might have been using very high levels of Bmp-4 and that similar levels of activin or Tgf-fJ2 may have activated Msx-3. However, as already mentioned, experiments using hindbrain tissues have shown that the responses to Tgf-fJ2 and Bmp-4 are different (Graham et ai., 1994) . A second possible explanation for the variation in dorsoventral extent of Msx-3 expression is that the notochord and floorplate were not equally divided by dissection. Since these tissues exert a ventralising influence on the neurectoderm, variation in their distribution might explain variation in Msx-3 expression. However, since 75% of Bmp-4-treated cultures showed expansion of expression while all control cultures showed identical Msx-3 expression, this is unlikely.
An important question raised by these experiments is this: was Msx-3 directly activated by exogenous Bmp-4 or was its expanded expression representative of a general dorsalisation of neural cells (Liem et ai., 1995) . Our data do not distinguish between these two possibilities; however, the activation of Msx genes by Bmps in other developing tissues suggests a close relationship between these two gene families (Vanio et ai., 1993; Graham et ai., 1994; limura et ai., 1994) .
Msx-3 and the evolution of the Msx gene family
It has been proposed that the evolution of the vertebrates may have been accompanied by the duplication and divergence of gene families involved in the control of development (Holland, 1992) . This theory is based on the observation that the many such families contain multiple members in vertebrates but only one member in invertebrates. Some of the sites of expression of Msx-1 and -2 are located in body areas unique to vertebrates, such as the limbs and facial processes (Holland, 1992) .  however, is expressed exclusively in the neural tube, the most phylogenetic ally ancient part of the vertebrate body to express Msx genes, suggesting that Msx-3 may be related to an archetypal single Msx gene present in invertebrates.
Experimental procedures
Cloning of Msx-3
Total RNA was prepared from E9.5 and EIO.5 mouse embryos according to Chomczynski and Sacchi (1987) . p(A)+ RNA was selected using oligo dT columns (Pharmacia) according to manufacturers instructions. Reverse transcription was carried out according to Frohman et ai. (1988) using the Msx-3-specific primer CTGCAG-CCGCTTGGCTT. cDNA polyadenylation and RACE PCR was carried out according to Frohman et ai. (1988) using the nested Msx-3 primer GGCTCGGCGGTTCT-GAA and the non-specific primers GACTCGAGTCGA-CATCG and GACTCGAGTCGACATCG-(T) 17. PCR products were cloned into TA cloning vector (Invitrogen) and sequenced using Sequenase (USB). DNA sequences were compared to the Genbank and EMBL DNA databases using the BLAST program via the Human Genome Mapping Project computer.
Wholemount in situ hybridisation
Antisense Msx-3 riboprobe was synthesised from a 3.2 kb genomic fragment (Msx-3ISX) and a 0.4 kb fragment isolated by RACE PCR using T7 RNA polymerase (NEB) and incorporating digoxygenin-UTP (BoehringerMannheim) according to manufacturers instructions. Mouse embryos (E7.5 to E13.5, with 1200 on the day of plugging considered as EO.5) were dissected free of membranes in LI5 culture medium (Sigma), washed in PBS and fixed in 4% paraformaldehyde in PBS at 4°C for a minimum of 2 h and a maximum of 24 h. Embryos were dehydrated into methanol according to Wilkinson (1992) and stored at -20°C. Wholemount in situ hybridisation was carried out according to Wilkinson (1992) . Stained embryos were stored in 0.4% formaldehyde and photographed using Fuji 64T or Kodak 160T film.
Sectioning of embryos stained by wholemount in situ hyb ridisation
Whole mount embryos were sectioned either by cryostat or by vibratome. For cryostat sectioning, embryos were embedded in 25% gelatin and sections cut at 12.um. For vibratome sectioning, embryos were embedded in a mixture of 0.5% gelatin, 30% egg albumin, 20% sucrose in PBS, which was set by addition of 0.1 vols. of 25% glutaraldehyde. Sections were cut at 50.um, mounted under 100% glycerol and coverslips sealed with nail varnish. Sections were stored at 4°C and viewed and photographed using Nomarski optics.
Culture of embryonic tissue
Embryos (7-12 somites) were dissected free of membranes in ice-cold L15 culture medium. Using fine tungsten needles, the posterior of each embryo was removed at about the level of somite 3. Heart tissue was then removed, leaving neural plate combined with axial and paraxial mesoderm. The neural plate was then bisected along the ventral midline, leaving two mirror-image halves of ectoderm, neurectoderm and mesoderm. These were placed individually in 4-well culture dishes (Nunc) containing 0.5 ml Optimem (Gibco) and incubated at 37°C under 5% carbon dioxide for 5 h. Cultured tissue was then fixed overnight in 4% paraformaldehyde in PBS and analysed by wholemount in situ hybridisation. Bmp-4 and control viral supernatants were a gift from Dr. Philippa Francis-West. Recombinant human activin A (8 UI.uI, equivalent to 1.6 mg/ml (Howard and Smith, 1993) ) and Tgf-jJ2 (10 mg/ml) were a gift from Dr. Anthony Graham.
